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Abstract 
This study evaluates the potential environmental impacts of deployment of carbon capture and storage (CCS) for pulverized coal 
power plants in Japan by using LCA, focusing on selected environmental impact categories including global warming. The LIME 
(Life-cycle impact assessment method based on endpoint modeling) method is used to assess and compare the environmental 
impacts between three cases, a typical ultra-supercritical pulverized coal-fired power generation system (case 1) and two CCS 
systems, one comprised of CO2 capture with monoethanolamine (MEA) solvent, compression, seafloor pipeline transportation and 
below seafloor storage (case 2) and the other case was the same as case 2 except that CO2 transportation by ship was used (case 3). 
The life cycle GHG emissions for case 1 were 0.89 kg-CO2 (eq.)/kWh. GHG emissions for case 2 and case 3 were 20% and 29%, 
respectively, of emissions for case 1. However non-GHG emissions increased for case 2 and case 3, especially emissions of NH3 
from the CO2 capture process and ethylene oxide from the MEA production process. The results for the 3 cases at the endpoint 
level, which estimated the damage on four safeguard subjects (human health, social asset, biodiversity and primary production), 
showed that for case 2 and 3, damage to biodiversity and primary productivity increase by 40% respectively caused by increased 
feed coal to meet energy consumption on CO2 capture process while the damage to human health decreased by approximately 60% 
due to the large reduction in CO2 emissions. The increased damage to social assets caused by NH3 emission and increased energy 
consumption due to CCS is similar with the reduction in damage due to reduction of CO2 emissions. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Carbon Capture and Storage (CCS) is internationally considered to be an important option for reducing CO2 
emissions [1].  In Japan, only a 100,000-ton per year CO2 capture to storage demonstration is currently operating in 
Hokkaido. However, when future deployment of CCS is considered, not only the benefits of major reductions in CO2 
emissions, but also the various environmental and health risks that might occur should be evaluated.  
CCS technology including CO2 capture, transport and storage requires inputs of equipment and energy along with 
emissions of chemical substances and wastes through its life cycle. The life cycle assessment (LCA) methodology has 
been broadly used to assess various environmental impacts associated with deployment of CCS at fossil fuel fired 
power plants in Europe [2–4]. Previous research focusing on Japan has only considered analysis of energy consumption 
and CO2 emissions [5]. The aim of this study was to evaluate the potential environmental impacts of deployment of 
CCS for pulverized coal power plants in Japan by using LCA, focusing on selected environmental impact categories. 
2. Method and data 
2.1. Inventory analysis 
The following three scenarios were chosen for this study based on Japanese conditions (Fig. 1).  
Case 1 is the baseline scenario with an Ultra Super Critical (USC) pulverized coal fired power plant, which is the 
most efficient generation technology that is currently commercialized, and expected to be deployed with CCS in Japan. 
The assessment included stages from coal extraction, transport, generation, flue gas treatment to coal ash disposal. 
Material input and energy consumption data for Case 1 provided by the Central Research Institute of Electric Power 
Industry (CRIEPI) were used in this study [6]. 
Case 2 widens the system boundaries for the Case 1 baseline scenario to include CO2 capture, compression, seafloor 
pipeline transport and below seafloor storage. The CO2 capture method was a technically mature method using 
monoethanolamine (MEA) solvent for post combustion capture selected due to the availability of data. The use of in-
plant power is assumed for the necessary steam and electricity in the CO2 capture and compression processes. As there 
are no pulverized coal fired power plants with CCS operating in Japan, data on the capture process was mainly based 
on IPCC (2005) [1] and Koornneff et al. (2008) [2], which assume similar generating efficiency and the same CO2 
capture method. A dataset based on a system technical design and cost analysis for a Japanese demonstration plant 
including processes from CO2 capture to CO2 transport and injection conducted by JCCS (2011) was used for inputs 
of materials and energy [7]. 
Case 3 is the same as Case 2 through the CO2 capture stage. The captured CO2 is stored in short-term storage tanks 
sited on the coast prior to transport by ship to the storage site and injection. Data on electricity consumption and 
material used was is taken from a study by Chiyoda Corporation (2011), who assumed a scenario with a storage site 
within Japan’s Exclusive Economic Zone at a ocean depth of less than 500 m. The scenario included short-term storage 
in coastally sited CO2 tanks, transport by CO2 shuttle tanker to the injection point and connection by pipe to the 
seafloor injection well for injection [8]. 
Table 1 lists the basic power plant operating conditions and the differences between bus bar and sending end output. 
In Case 2 and Case 3 the heat source necessary for CO2 capture is supplied by extracting steam from the low-pressure 
turbine inlet, thus the bus bar output is lower than for Case 1. The pressure reduction due to extracting steam is based 
on the assumptions by J-Power (2007) [9] for a 1000 MW USC pulverized coal-fired power plant with CCS. The 
sending end output for Case 3 is higher than that for Case 2 as in-plant power use is lower. 
The data for the three scenarios was input into a Japanese LCA software package MiLCA ver. 1.1.1.110 [10] for 
life cycle inventory analysis. In accordance with existing research, the functional unit for electricity is set as 1 kWh 
of sending end output.  
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2.2. Impact assessment 
 Impact assessment was conducted using the LIME2 (Lifecycle Impact assessment Method based on Endpoint 
modeling ver.2) [11, 12], a LCIA method developed for Japanese environmental conditions. Firstly, in order to show 
the potential environmental impacts comprehensively, ten characterization factors provided by LIME2 were used to 
characterize environmental impacts on midpoint level. The ten impact categories are Global warming (GWP), 
Acidification (DAP), Eutrophication (EPMC), Photochemical oxidant (OECF), Urban area air pollution (UAF), Waste 
(WPF), Toxic chemicals (HTP), Biological toxicity on aquatic (AETP), Biological toxicity on terrestrial (TETP) and 
Resource consumption (1/R). Next, a damage assessment was conducted to quantify the environmental damage at the 
endpoint level defined as 4 safeguard subjects (human health, social assets, biodiversity and primary production) in 
LIME2.  
   However this study does not consider impacts on land use due to the lack of available data for CCS systems. The 
construction of facilities for CO2 capture (absorber, desorber, etc.), pipelines to transport CO2 and CO2 injection 
facilities (terrestrial only) involve land use for CCS systems that needs to be considered in future research. 
Table 1. Main power plant performance parameters for the three cases. 
Fig. 1. LCA system boundaries for the three cases. 
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3. Results 
3.1. Life cycle inventory results 
The life cycle mass of the main environmental burden substances, resource consumption and amount of waste per 
1 kWh for each case are shown in Table 2. Compared to Case 1, while CO2 and PM10 were reduced for Case 2 and 
Case 3, almost all of the other emissions increased due to the reduction in sending end output. While CO2 emissions 
were reduced at the capture stage by 90%, as the emissions increased for other processes, system emissions were 
reduced by 80% and 71% respectively for Case 2 and Case 3. Decrease of PM10 was expected due to the deeper 
cleanup required for the CO2 capture process. 
On the other hand, in addition to atmospheric emissions of ethylene oxide and NH3 during MEA production, 
deployment of CCS increased COD and total nitrogen discharge to the aquatic environment by three orders of 
magnitude. NH3 and minute amounts of MEA were emitted from the absorption tower in the CO2 capture stage while 
incineration of MEA waste was accompanied by increased emissions of NOx, SO2, PM10 and other air pollutants. 
For Case 3 compared to Case 2, as in-plant power is not used for the interim storage stage, the sending end output 
was higher and the per unit generation feed coal, direct emissions from generation and the environmental burden from 
MEA was smaller. On the other hand, the consumption of natural gas and oil increased from the use of grid power 
with a high share of gas fired generation in Japan and heavy oil used for ship transport.  
  
3.2. Characterization 
Characterization results and breakdown by process for the characterization results for each case are shown in Fig. 
2. For the total result of each impact category, while global warming decreased due to the deployment of CCS, other 
impacts increased. Human toxicity and eutrophication increased by three and four orders of magnitude respectively. 
Acidification and ecotoxicity (aquatic) increased by 1 order of magnitude while other categories increased by less 
than 1 order of magnitude. 
For the breakdown by process, the impact was large for the power generation stage for Case 1. For Case 2 and Case 
3, the impacts were increased by the CO2 capture stage and the MEA production stage. The calculated increased 
impacts included acidification and eutrophication for the CO2 capture stage caused by NH3 released by deterioration 
of MEA, human toxicity due to release of ethylene oxide and eutrophication due to both NH3 emission and waste 
Table 2. Life cycle inventory results for key emission substance, resource consumption and waste. 
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water discharge in the MEA production stage. For the Case 3 results compared to Case 2, the proportion of impact 
was smaller from coal extraction to CO2 capture due to the lower use of in-plant power. However, the impacts of 
short-term storage, CO2 transport and injection were larger for impacts including GWP, 1/R, AETP, TETP and UAF. 
 
3.3. Damage assessment 
The results for damage assessment are shown in Figure 3. For Case 2 and Case 3 compared to Case 1, while human 
health damage was reduced, damage to social assets was about the same and damage to primary production and 
biodiversity was larger. For human health, while the damage due to ethylene oxide emitted from MEA production 
increased, this was less than the decrease in damage due to reduction of CO2 emissions from the power generation 
stage and the overall damage was reduced by about 60%. As a damage factor to quantify the direct health effects of 
MEA emissions was not available, this was not included in the assessment. While the damage to social assets due to 
global warming (including reduced grain production and land loss due to sea level rise) was reduced by the reduction 
of CO2 emissions from power generation, this was almost totally offset by the increased damage to social assets from 
acidification (including fishery and forestry production) due to NH3 emissions from the CO2 capture process. Damage 
to primary production and biodiversity caused by coal extraction and emissions of trace elements from the power 
generation stage were large. The reduction in sending end output due to the deployment of CCS increased the amount 
of feed coal and trace elements emitted from the power generation stage per unit power generated and both damage 
categories increased by about 40%. 
 Compared to Case 2, as the CO2 emissions for Case 3 were larger (Table 2), the damage to human health and social 
assets from global warming were large, as grid power with lower coal consumption was used, the impact on primary 
production and biodiversity from the coal extraction stage became lower. 
 
Fig. 2.  Characterization result per kWh for all three cases on each process. 
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4. Discussion 
4.1. Impacts increased due to CCS 
Almost all of the environmental damages evaluated increased due to employment of CCS except for human health 
damage caused by global warming (Fig. 3). Especially the damage to social assets due to NH3 released by degradation 
of MEA and damage to ecosystems due to the additional coal mining required to supply the heat consumed in the CO2 
capture process.  However, the data for NH3 emission used in this study was obtained from theoretical calculation 
formulas and emissions probably can be reduced by installing scrubbers or other environmental control equipment [2]. 
Also, alternatives to MEA with potentially less toxicity are being developed. Thus, the results should be considered 
to be a “worst-case”. The required heat for the CO2 capture process was estimated by assuming no reuse of waste heat. 
Some studies have designed systems that consider the reuse of waste heat in CO2 removal facilities [5]. This would 
help reduce the required heat input and contribute to reducing ecosystem damage. 
4.2. Comparison with existing research 
For global warming, IPCC (2011) [13] provided median values for the GHG emissions from coal fired power 
generation (50 plants) and CCS equipped pulverized coal fired power generation (9 plants) and they are 1.0 kg-
CO2/kWh (25th percentile: 0.88; 75th percentile: 1.13) and 0.25 kg-CO2/kWh (Min: 0.1; Max: 0.4) respectively. As 
the generation efficiency of the plant assessed in Case 1 is high, the CO2 emissions in this study were lower than for 
previous studies. On the other hand, the results for Case 2 and Case 3 were similar to previous research. This is 
probably due to the selection of state of the art power plants with high efficiency for future deployment of CCS by 
this study and other studies. 
Marx et al. (2011) [3] compiled the impact data results from 15 studies for the 5 categories of global warming, 
acidification, eutrophication, photochemical oxidants and human toxicity. Deployment of CCS reduced global 
warming but increased the other categories, particularly increased the categories of human toxicity, acidification and 
eutrophication. These findings are generally in line with our results. Although damage assessment is available for 
several LCIA methods in Europe, few CCS studies have been conducted with endpoint level results.  
 
 
 
Fig. 3. Damage assessment result on four safeguard subjects for all three cases.  
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5. Conclusions 
This study used the LCA method to assess environmental impacts for the deployment of CCS for pulverized coal 
fired power plants in Japan. The results on midpoint level showed that the impacts on human toxicity, acidification 
and eutrophication increased greatly while the deployment of CCS reduced global warming. Based on the results for 
damage assessment, NH3 emissions and reduction in sending end output due to significant energy consumption in the 
CO2 capture stage resulted in large damage to social assets and ecosystems, respectively. These results can be used to 
determine the key environmental impacts and processes where they occurred for deployment of CCS to pulverized 
coal fired power plants in Japan. Future research should evaluate the environment impacts related to alternative 
solvents and processes for CO2 capture and impact categories not considered in this research due to the lack of data. 
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